KTnetics of RNA chain elongation catalyzed by wheat germ RNA polymerase II have been studied using various synthetic DNA templates in the presence of excess dinucleotide monophosphate primers. With single-or double-stranded homopolymer templates, the double reciprocal plots l/(velocity) as a function of l/(nucleotide substrate) exhibit positive, negative or no curvature. With poly(dAT) as template, the mechanism of nucleoside monophosphate incorporation into RNA is not the ping-pong kinetic mechanism which was derived for E.coli RNA polymerase (6). Noncomplementary nucleoside triphosphates inhibit RNA transcription allosterically. Cordycepin triphosphate behaves as ATP, and not only inhibits AMP incorporation but also that of UMP and GMP on appropriate templates. The reason for this complex kinetic behavior is not yet understood. Possibilities are raised that there are several nucleoside triphosphate binding sites on wheat germ RNA polymerase II, that additional nucleoside triphosphate dependent enzymatic activities are required for reaction to occur or that the Km value for incorporation of a given nucleoside monophosphate into RNA is dependent on the length of the RNA chain and/or the nucleotide sequence surrounding the complementary base on the DNA template.
INTRODUCTION
The basic features of the transcription reaction can be summarized as (reviewed in 1): (i) enzyme binding to DNA template and localized melting of the helix; (ii) initiation corresponding to the formation of the first phosphodiester bond: a purine nucleoside triphosphate at the 5' end of the RNA synthesized is usually required; (iii) elongation involving the sequential incorporation of nucleoside monophosphates; and (iv) termination of the RNA chain. It is generally felt that the control of RNA synthesis in eucaryotic cells probably lies in the initial steps of transcription (RNA polymerase: DNA recognition process, initiation of RNA synthesis) rather than in other steps of the polymerization reaction. However, recent results illustrate the possible importance of other steps in eucaryotic transcription. Thus Dauphinais (2) suggested that, rDNA transcription during lymphocyte activation might be controlled at the level of the elongation reaction. Studies conducted with plant RNA polymerases II also suggest that the elongation-translocation From the above concepts, and in view of the fundamental importance of nucleoside triphosphates in controlling the activity of RNA polymerases, we have undertaken a kinetic study of the RNA chain elongation reaction catalyzed by wheat germ RNA polymerase II. In this initial study, the reaction mechanism was investigated by means of steady-state kinetics. The results obtained using various synthetic templates are compared to those reported for E. coli RNA polymerase (see for instance 1 and 10).
MATERIALS AND METHODS Reagents
Nucleoside triphosphates, nucleoside monophosphates, cordycepin triphosphate and the dinucleoside monophosphates were purchased from Sigma. H-ATP, H-CTP, 3 Synthetic polymers were from PL Biochemicals; they were dissolved in 50 mM Tris-HCl buffer, pH 7.8, except poly(dC) which was dissolved in 50 mM Tris-HC1 buffer, pH 8.9. All buffer components were reagent grade.
RNA polymerase
Wheat germ RNA polymerase IIA was purified by the method of Jendrisak and Burgess (11), as modified by Job et al. (9) . The specific activity of the enzyme was 300 units/mg and 6000 units/mg, using denatured calf thymus DNA and poly(dC) as template, respectively (9). Protein determinations were effected according to Bradford (12) . Enzyme concentration was calculated assuming a molecular weight of 650 000 (13 The correlations obtained indicate that all three methods give similar results. However, the method using the GF/C filters was prefered because of its simplicity, and since higher signal together with lower background were systematically observed. Furthermore, in contrast to the methods using DE-81 paper disks or PEI sheets, hydrolysis and solubilization of the 3 H-labelled RNA before they are counted were not necessary. In all cases the base composition of the RNA products was that expected from the base composition of the DNA templates, using the corresponding radioactive nucleoside triphosphate substrates. Radioactive noncomplementary nucleoside triphosphates were not incorporated into RNA, at least to the limits of detection of the methods used, i.e. less than 1/1000 of the input nucleotides.
Priming with dinucleotides
In the studies presented by Rhodes and Chamberlin (6) the reaction of RNA chain elongation was investigated by employing ternary complexes containing E.coli RNA polymerase, a DNA template and product RNA. The stability of these complexes was such that they could be isolated by passage through a gel exclusion column. When stored at 4°C, they lost elongation activity slowly, with one-half of the activity being lost in about one week. Unfortunately, the same strategy cannot be used with wheat germ RNA polymerase II. Recent results (4) indicate that the ternary complexes are much less stable when formed with the wheat germ enzyme than with the bacterial enzyme: with poly(dAT) as template, we were unable to recover any active ternary complex after passage through a Bio-Gel P2 column. Furthermore, RNA synthesis using this template was completely abolished in the presence of heparin (not shown). These observations (20) . The enzymes can also use dinucleotide primers to catalyze DNA dependent trinucleotide synthesis in the presence of a nucieoside triphosphate (3, 17, 23). The specific activity of the plant RNA polymerase in this transcription assay compares very well with that of enzymes from yeast or E.coli (3). Therefore, in the presence of excess of these primers, kinetic limitations due to the initiation step in the overall transcription reaction are overcome, and the initiation step is bypassed (24). The results in Table 1 show that dinucleotide primers markedly enhance the observed transcription rates on various synthetic DNA templates. For the series of homopolymers, poly(dA), poly(dC) and poiy(dT), the reactions are almost exclusively dependent on the presence of the appropriate primers. Poly(dG) as well as the purine strand (Figure l,b) . Thus, the reaction of poly(A) formation corresponds to a sequential mechanism, in which both dinucleotide primer and triphosphate substrates must bind to the enzyme active site before reaction occurs. Nucleoside triphosphate substrate kinetics The reaction rates were measured as a function of nucleoside triphosphate Table 2 . As suggested by Rhodes and Chamberlin (6), the Km values were calculated taking into account the base composition of the template. However, interpretation of these values is difficult due to the curvature of some of the rate profiles: noticeable differences for the utilization of the substrates by the enzyme are seen. Apparently, they depend on the nature of both the substrate and the template-primer pair considered. The maximal rate values are found to vary considerably for the template-primer pairs studied. Some of them are in agreement with previously reported data for which the dinucleotide primers were not used (9, 26). Figure. From the results corresponding to the single-and double-stranded homopolymer series, it is clearly evident that a given nucleotide substrate can never be an inhibitor of its own incorporation, at least in the concentration range studied.
Maximal transcription rates, as well as apparent Km values for nucleoside triphosphate substrates were determined for a number of template and primer combinations. The numerical values are listed in
In some cases, H-labelled noncomplementary nucleoside triphosphates were introduced in the reaction medium, in the presence of 1 pM unlabelled correct substrates. No detectable radioactivity is found associated with the RNA synthesized, suggesting that the inhibitory effect of noncomplementary NTP is not due to misincorporation of these molecules into RNA, at least to the limit of less than 1/1000 (not shown). These results also indicate that there is no appreciable cross contamination of the nucleoside triphosphates. As is apparent from the plots in Figure 4 , noncomplementary NTP behave differently, depending on the template and primer used. In many cases, non linear plots are obtained, sometimes exhibiting mixed curvatures. Activation, albeit rather small, is even noted in three cases. Thus very low concentrations of UTP slightly activate the transcription of the pyrimidine strands of both poly(dA)-poly(dT) and poly(dG)-poly(dC) in the presence of appropriate primers and substrates (Figure 4 e, f) . Similarly, slight activation of the transcription of the pyrimidine strand of poly(dG)-poly(dC) occurs for low concentrations of ATP in the presence of saturating GpG and 1 ^M GTP (Figure 4 f) . One explanation could be that UTP contains small amounts of ATP and GTP, and ATP small amounts of GTP. This possibility could be eliminated since the activation behavior is not encountered in the case of transcription of the above corresponding single-stranded homopoiymers (Figure 4, b and c) . Again, as previously indicated, no RNA is detected after incubation of the RNA polymerase with DNA template-dinucleotide pairs and the noncomplementary nucleoside triphosphates. It should be noted that UTP strongly inhibits the transcription of poly(dT) in the presence of saturating ApA and 1 pM ATP (Figure 4 b) , whereas only rather slight inhibition is observed for the same strand in poly(dT)-poly(dA) under the same experimental conditions (Figure 4 e) . In one case, incorporation of a purine substrate is inhibited by a pyrimidine triphosphate (Figure 4 b) , and in two cases incorporation of a pyrimidine substrate is inhibited by a purine triphosphate (Figure 4 a and d) . From inspection of the data in Figure 4 , no obvious correlation is emerging between the nature of the template-primer pair and the nucleoside triphosphate exhibiting the highest inhibitory behavior. However, ATP and to a lesser extent UTP, are frequently found to be very potent inhibitors of enzyme activity for the template-primer combinations studied. Inhibition kinetics by substrate derivatives primers have also been used in transcription reactions catalyzed by mouse RNA polymerases I and III (22) . From these studies it was deduced that the requirement for a high concentration of initiating purine could be circumvent by the use of sequence-specific dinucleotides (22) . The results in Table 1 show that the dinucleotide monophosphates complementary to the DNA template markedly enhanced RNA synthesis with wheat germ RNA polymerase II, in agreement with previous results (28). Furthermore, in the case of transcription of poly(dT), where AMP incorporation is exclusively dependent on the presence of ApA, the mechanism of ATP and ApA utilization is sequential, indicating that both dinucleotide primer and triphosphate substrate must bind to the enzyme before reaction occurs. Therefore, it might be reasonably assumed that the elongation-translocation step is rate-limiting in the experimental conditions used. The results obtained in this steady-state kinetic study can be compared and discussed in the light of those reported for E.coli RNA polymerase, where they are best documented. Thus, for the latter enzyme: (a) the double reciprocal plots 1/v versus l/(nucleoside triphosphate substrate) are usually linear when the initiation step is bypassed (6, 24, 30, 31) , in contrast to some of the data in Figure 2 . Therefore, it appears that the reaction of RNA chain elongation by wheat germ RNA polymerase II is rather complex. Apparent positive or negative cooperativity is observed for the transcription of homopolymer templates with respect to nucleotide substrates. One hypothesis to explain this kinetic behavior would be that several substrate molecules can bind to the enzyme before the reaction of incorporation of a nucleoside monophosphate occurs. Since the rate measurements relied solely on substrate incorporation into RNA, it should be stressed that we do not know whether these additional molecules, simply bind to the enzyme or are further utilized in as yet undefined reactions which could be of importance for the elongation step to occur. In this context, it has been shown that RNA polymerases from different sources may contain various nucleoside triphosphate-dependent enzymatic activities such as phosphohydrolases ( Table 2 would agree with this notion. This would explain both the pausing (3, 5) and the non processivity (4) of the RNA polymerase. Further experiments on the kinetics of RNA chain elongation, using a reconstituted system capable of selective initiation such as recently reported (3) are necessary to clarify these points.
